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MEMS-ACTUATED COLOR LIGHT MODULATOR AND METHODS 

10 

TECHNICAL FIELD 

This invention relates to color light modulators and more particularly to color 
modulators actuated by a MEMS actuator. 

BACKGROUND 

1 5 There are many applications for color light modulators that have high resolution 
and brightness, including applications in display of information for education, 
business, science, technology, health, sports, and entertainment. Some light 
modulators, such as oil-film projectors, liquid-crystal displays (LCD's), digital 
light-mirror arrays, and deformographlc displays, have been applied for large- 

20 screen projection. In the visible spectrum, light modulators, such as the 

reflective digital mirror arrays, have been developed with high optical efficiency, 
high fill-factors with resultant low pixelatlon, convenient electronic driving 
requirements, and thermal robustness. For gray scale variation, binary pulse- 
width modulation has been applied to the tilt of each micro-mirror. To vary 

25 color, such modulators typically have used either a sequential color wheel 
(rotating color filter) or multiple modulators with an individual stationary color 
filter being associated with each modulator. In the latter case, the various color 
images (e.g.. red. green, and blue) are recombined optically. Both binary pulse- 
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width modulation and synchronization of color information has been 
accomplished by off-chip electronics, controlling on- or off-chip drivers, 

Diffractive light modulators and displays have also been developed, in which 
bright and dark pixels in a display are produced by controlling a diffraction 
5 grating at each pixel, effectively varying the grating frequency of each pixel by 
varying a gap between a thin film ribbon and a substrate surface. Typically, for 
color displays using this principle, three different gratings and three associated 
actuators have been required for each pixel. 

Both micro-mirror and diffraction-grating types of modulators have used 
10 actuators based on micro-electro-mechanical-system (MEMS) techniques. 
MEMS actuators have also been employed in other applications such as micro- 
motors, micro-switches, and valves for control of fluid flow. 

While the various color light modulators have found widespread success in their 
applications, there are still unmet needs in the field of color- and spatial-light- 
15 modulators, such as combining analog color modulation with high optical 
efficiency and close integration of color synchronization with each pixel 
modulator. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 The features and advantages of the disclosure will readily be appreciated by 
persons skilled in the art from the following detailed description when read in 
conjunction with the drawings, wherein: 

FIG. 1 A is a schematic top plan view of a first embodiment of a color modulator 
made in accordance with the invention. 

25 FIG. 1 B is a schematic side elevation cross-sectional view of the first 
embodiment shown in FIG. 1A. 

FIG. 2 is a schematic side elevation cross-sectional view of a first embodiment 
of an actuator made in accordance with the invention. 



! 
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FIG. 3 is a schematic perspective view of a second embodiment of a color 
modulator made in accordance with the invention. 

FIG. 4 is a schematic side elevation cross-sectional view of the second 
embodiment shown in FIG. 3. 

5 FIG. 5 is a schematic side elevation cross-sectional view of a third embodiment 
of a color modulator made in accordance with the invention. 

FIG. 6 is a schematic side elevation cross-sectional view of a second 
embodiment of an actuator made in accordance with the invention. 

FIG. 7 is a schematic side elevation cross-sectional view of a fourth 
10 embodiment of a color modulator, with a third embodiment of an actuator made 
in accordance with the invention. 

FIG. 8 is a schematic side elevation cross-sectional view illustrating angles for 
three wavelengths of light in a color modulator made in accordance with the 
invention. 

15 

DETAILED DESCRIPTION OF EMBODIMENTS 

Throughout this specification and the appended claims, the term "MEMS* has its 
conventional meaning of a micro-electro-mechanical system. 

For clarity of the description, the drawings are npt drawn to a uniform scale. In 
20 particular, vertical and horizontal scales may differ from each other and may 
vary from one drawing to another. 

While the invention should not be construed as being limited to the 
consequences of any particular theory of operation, it is known that a reflective 
diffraction grating follows the grating equation: 

25 m*(lambda) =d*(Sin(theta)sub(i) +Sin(theta)sub(m)), where m=0 f +/-1,+/-2, . . . 
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where (lambda) represents a wavelength of light, m represents an integer 
known as the diffraction order, d represents the grating pitch, (theta)sub(i) 
represents the angle of an incident light beam with respect to a direction normal 
to the grating, and (theta)sub(m) represents the angle of the m* order diffracted 
5 light beam with respect to a direction normal to the grating. 

The technique of shaping the diffraction grating grooves so that the diffraction 
envelope maximum shifts into a particular order is known as blazing the grating. 
The diffraction envelope maximum occurs when (Beta) = 0, where the far-field 
path difference (Beta) for light rays from the center and the edge of any groove 
10 is zero. In a reflective grating, efficiency is enhanced by using a highly reflective 
material like aluminum on the groove faces. 

In the following detailed description, we begin by describing an embodiment of a 
wavelength modulation device for light from a source of white light. The 
modulation device includes at least one grating (blazed for a predetermined 

15 wavelength of light) disposed to receive white light from the source, at least one 
aperture disposed over the blazed grating between the source and the blazed 
grating, and microelectromechanical means for moving the grating relative to 
the source and the aperture to selectively return light of the predetermined 
wavelength through the aperture when actuated by an electrical signal. FIG. 1 A 

20 is a schematic top plan view of this first embodiment of a color modulator 

(denoted generally by reference numeral 10), and FIG. 1B is a schematic side 
elevation cross-sectional view. The device is made by processes compatible 
with otherwise conventional MEMS and complementary metal-oxide^silicon 
(CMOS) processing. 

25 As shown in FIGS. 1 A and 1B, modulator 10 includes a blazed grating 20 

formed on a substrate 25. White light 15 from a source (not shown) is incident 
on modulator 10. Blazed grating 20 has at least three portions 100, 110, and 
120, each portion blazed for a different wavelength or color, e.g. red, green, or 
blue, and optionally a fourth portion 1 30 that is adapted to reflect white light or 

30 substantially no light (effectively a black area). Blazing the grating portions 100, 
110, and 120 respectively for red, green, and blue provides an RGB display, for 
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example. The black option for fourth portion 130 is shown in FIG. 1A. Portion 
130 may be made black by forming a region of substantially unit emissivity. 
Alternatively, portion 1 30 may be made to appear substantially white by forming 
a highly reflective area for reflecting the incident white light. A plate 40 above 
5 grating 20 has an aperture 30 which admits white light 1 5. 

Grating portions 100, 110, and 120 of grating 20 are formed on substrate 25. 
Those skilled in the art will recognize that blazed gratings of the desired form 
can be micromachined by suitable anisotropic etching of a single-crystal silicon 
surface that has been prepared with selected crystallographic orientation. For 

10 some wavelength ranges, suitable conventional resists and photolithography 
may be used to define the grating groove patterns. Another known method for 
defining the grating groove pattern is laser holography. Alternatively, grating 
portions may be formed by using a grating mask to pattern a photosensitive 
polymer material to a desired period (groove pitch) and angle. The grating 

15 mask may be prepared by conventional electron-beam lithography, ion-beam 
lithography, or X-ray lithography, for example. A single mask can include the 
patterns for more than one grating. The various grating patterns of such a mask 
can produce gratings having the same or different groove pitch and blaze angle. 
Then, a thin film of aluminum or other highly reflective material is coated on the 

20 grating surfaces to enhance the reflective efficiency. 

An actuator 50 provides for motion of aperture 30 relative to grating 20 (or, in 
principle, vice versa). Actuator 50 may be a linear actuator which moves 
aperture 30 by translation in a plane parallel with the plane of grating 20 and 
- substrate 25. Thus, actuator 50 provides in-plane motion. FIG. 2 is a schematic 

25 side elevation cross-sectional view of a first embodiment of such a linear 
actuator 50. The actuator embodiment shown in FIG. 2 is an electrostatic 
actuator such as a conventional comb-drive actuator. Actuator 50 may be 
formed of pblysilicon by conventional micromachining. Its upper movable 
element 60 is attached to aperture 30; its base 70 is fixed to substrate 25. 

30 Electrostatic comb-drive elements 80 and 90 are connected to suitable electrical 
signals with suitable timing in a conventional manner for electrostatic linear 
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drives. Movable element 60 may be integral with plate 40. Thus, aperture 30 
may be formed in movable element 60 of actuator 50 instead of being formed in 
a distinct plate 40, in which case plate 40 is the same as movable element 60 
and base 70 may be the same as substrate 25. In such an embodiment, 
5 electrostatic comb-drive elements 90 are formed on substrate 25, and 

electrostatic comb-drive elements 80 are formed on plate 40. The top surface of 
actuator 50 is coated with aluminum or other high reflective material. 

As shown in FIG. 1 A, actuator 50 may consist of multiple segments arranged to 
move aperture 30 in various directions In its plane. The motions of actuator 50 

10 can be discrete distances adapted to position aperture 30 appropriately to 

discrete positions aligned over each blazed portion 100, 110* 120, and 130. Or 
any desired color combination within a predetermined palette can be selected 
by suitable positioning of aperture 30 over the set of blazed portions 100, 110, 
120, and black area 130. Thus, aperture 30 is moved in two in-plane 

15 dimensions parallel to the grating 20 with its set of grating portions by a MEMS 
linear step actuator responding to electronic signals. 

Aperture 30 is positioned selectively by actuator 50 so that incident light 15 is 
diffracted by a selected one of the blazed grating portions 100, 110, or 120 and 
diffracted back through aperture 30 into a desired output direction (or absorbed 
20 by black area 1 30 if that is selected). As the selected grating portion is 

positioned relative to aperture 30, light of the corresponding wavelength or color 
is selected for the output. Collection or projection optics (not shown) may be 
provided in the output direction. No off-chip color synchronization is required. 

FIG. 3 is a schematic perspective view of a second embodiment of a color 
25 modulator made in accordance with the invention. FIG. 4 is a schematic side 
elevation cross-sectional view of the second embodiment shown in FIG. 3. This 
embodiment has a blazed grating 20 anchored to substrate 140 at one end and 
tilted out-of-plane in either a continuous or discrete manner. Anchor element 
150 provides support and anchoring for one end of grating 20. Grating 20 is 
30 tilted about an axis parallel to its plane, and in particular, about an axis parallel 
to its grooves. The tilting of grating 20 is achieved using a thermally actuated lift 
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arm 55 responsive to an electrical signal. Again, white light 15 (not shown in 
FIG. 3) is diffracted selectively into a desired output direction toward collection 
or projection optics. Depending on the application, the grating is tilted either 
through a set of predetermined discrete angles (e.g., three discrete angles for 
5 an RGB display) or continuously through a range of angles. Modulator 10 
modulates the color of each pixel by tilting grating 20 to a particular angle to 
select any color in the white light spectrum by precise control of the tilt angle. In 
the discrete mode, three discrete tilt-angle values are predefined to select the 
red, green, and blue of an RGB color palette. 

10 Resistive materials such as polysilicon, TaAl, TiW, or WSiN may be used for 
heating thermally actuated lift arm 55. Power-control circuit technology known 
in the art of thermal-ink-jet printing may be employed for control of thermally 
actuated lift arm 55. In comparison with the embodiment of FIGS. 1 A and 1B, 
the embodiment of FIG. 3 is suitable for application in systems where larger 

15 deflection and lower operating frequency are required. One grating is used per 
pixel for all colors. Again, no off-chip color synchronization is required. 

FIGl 5 is a schematic side elevation cross-sectional view of a third embodiment 
of a color modulator with a configuration having two thermally actuated lift arms 
per grating plate. The two thermally actuated lift arms 55 are arranged on 
20 opposite sides of a central pivot or anchor element 150. The two actuators may 
be used differentially, i.e., one extending while the other contracts. 

FIG. 6 is a schematic side elevation cross-sectional view of a second 
embodiment of an actuator made in accordance w|th the invention. The 
actuator shown in FIG. 6 is a pre-shaped monpmorphic thermal actuator 180, 

25 which may be used as the actuator in embodiments such as those of FIGS. 
3 - 5. To form the thermal actuator 55 of FIG. 6, a region of silicon oxide 160 is 
formed on a silicon substrate 140. The process of forming oxide region 160 is 
the known field-oxide process of conventional CMOS integrated-circuit 
fabrication. A layer of polysilicon or other suitable resistive material 170 is 

30 deposited and patterned. Although FIG. 6 shows the oxide still in place, oxide 
160 is removed by etching to leave the pre-shaped monomorphic actuator 55. 
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The monomorph thermal expansion beam thermal actuator 55 of FIG. 6 is 
pre-shaped in order to provide the proper desired initial deformation. 

FIG. 7 is a schematic side elevation cross-sectional view of a fourth 
embodiment of a color modulator, including a third embodiment of an actuator 
5 made in accordance with the invention. The actuator 55 of FIG. 7 is a 

multi-segment thermal lift arm. A three-segment organic thermal actuator, as 
shown in FIG. 7, consists of three heater material layers 200, 210 and 220, each 
sandwiched between two polyimides with different thermal expansion 
coefficients. 

10 FIG. 8 is a schematic side elevation cross-sectional view illustrating angles for 
three wavelengths of light in a color modulator made in accordance with the 
invention. FIG. 8 shows diffracted light rays 260, 270 and 280 from a blazed 
reflection grating 20 having a grating pitch of 1.608 microns and a uniform blaze 
angle of 20 degrees. The incident white light 15 enters from the left horizontally 

IS and is incident at an angle 250 to the plane of grating 20. Light is diffracted off 
the grating and back outward toward the upper left where diffracted light rays 
260, 270, and 280 are incident upon output optics (not shown). Table I shows 
the angular deviation from a direction normal to the plane of grating 20 for the 
. three colors indicated. These small angular deviations can be compensated 

20 optically to nullify the change in angle with wavelength in the complete optical 
projection system. 



Ray 


Wavelength 


Angle of deviation 


260 


486 nm 


-2.28 degrees 


270 


550 nm 


0.001 degrees 


280 


636 nm 


3.07 degrees 



TABLE I. Angular deviations for FIG. 8 
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Thermal actuators generally provide greater force and deflection than 
equivalents sized electrostatic or piezo-based actuators, although they operate 
in higher power consumption and lower frequency. These devices utilize 
5 thermal expansion to provide in-plane and out-of-plane motions. Both 
monomorph and bimorph structures have been demonstrated, in order to 
provide the desired positioning uniformity of better than 1 %, the energy applied 
is tightly controlled and the ambient environment of the thermal actuators may 
be controlled, e.g., by using an inert-gas-filled package using a gas such as 
10 nitrogen. 

Thus, one aspect of the invention is embodied in a light modulator for 
modulating light from a source, the light modulator including at least one grating 
disposed to be illuminated by the light from the source and a MEMS actuator 
adapted for moving the grating or gratings. The grating or gratings are adapted 

IS to be movable (either continuously or among a set of discrete positions) by the 
MEMS actuator to a selected position, to direct light of a selected wavelength 
diffracted by the grating into a selected direction. The grating may be blazed to 
diffract the selected wavelength into a selected diffraction order. The grating 
may be adapted to be movable in translation along an axis parallel to the plane 

20 of the grating, or to be tilted about an axis parallel to the plane of the grating. 
Instead of (or in addition to) moving the grating in translation relative to an 
aperture, the aperture may be adapted to be moved relative to the grating and 
that motion may be a translation. The tilt axis, if any, may be parallel to the 
(grooves of the grating. The MEMS actuator may be adapted for tilting the 

25 blazed grating to three or more predetermined discrete angles to selectively 
direct light of three or more predetermined wavelengths diffracted by the blazed 
grating into a selected direction (e.g., three wavelengths corresponding to red, 
green, and blue of ah RGB palette). 

A spatial light modulator may be made by fabricating a number of individual 
30 modulators together, e.g., by arranging the individual modulators in an array. 
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Another aspect of the invention is a method for fabricating a light modulator for 
modulating light from a source. The overall method includes steps of providing 
a substrate, forming at least one diffraction grating on the substrate by forming 
a number of parallel grooves spaced with a suitable pitch, while blazing the 
5 parallel grooves to diffract light of a selected diffraction order, and forming a 
MEMS actuator disposed and adapted for establishing a desired spatial 
relationship between the diffraction grating and an output aperture (spaced 
apart from the substrate) to selectively direct light of at least one selected 
wavelength though the output aperture. 

10 Thus, in use of the invention, a method is employed for modulating the color of 
light from a source. The method includes (a) disposing a blazed grating to be 
illuminated by the light to be modulated and to diffract that light, (b) disposing a 
MEMS actuator for varying the spatial relationship between the blazed grating 
and an output aperture (the MEMS actuator being adapted to vary the spatial 

15 relationship in response to electrical signals), and (c) controlling the electrical 
signals to the MEMS actuator to direct a selected wavelength of the diffracted 
light of a selected diffracted order to the output aperture. In this method, the 
MEMS actuator may be adapted to tilt the blazed grating about an axis parallel 
to the grating, to translate the output aperture in a plane that is substantially 

20 parallel to the blazed grating, or to translate the blazed grating in a plane that is 

substantially parallel to the output aperture. 
INDUSTRIAL APPLICABILITY 

The invention provides a color modulator useful in many technical applications, 
25 including a source of light of a desired color or a display of information in color 
for use with information-processing equipment, for example. 

Although the foregoing has been a description and illustration of specific 
embodiments of the invention, various modifications and changes thereto can 
be made by persons skilled in the art without departing from the scope and spirit 
30 of the invention as defined by the following claims. For example, various 
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embodiments may be combined such that gratings may be moved both by 
translation and/or rotation in a plane and by tilting out of the plane, and other 
types of actuators such as piezo-based actuators, may be employed. 

What is claimed is: 
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